The concept of amnestic mild cognitive impairment (MCI) describes older people who show a decline predominantly in memory function, but who do not meet criteria for dementia. Because such individuals are at high risk for developing Alzheimer's disease, they are of great interest for understanding the prodromal stages of the disease process. The mechanism underlying memory dysfunction in people with MCI is not fully understood. The present study uses quantitative, high-resolution structural MRI techniques to investigate, in vivo, the anatomical substrate of memory dysfunction associated with MCI. Changes in brain structures were assessed with two imaging techniques: (i) whole-brain, voxelbased morphometry to determine regions of reduced white matter volume and (ii) sensitive volumetric segmentation of the entorhinal cortex and hippocampus, gray matter regions that are critically important for memory function. In participants with amnestic MCI, compared with age-matched controls, results showed a significant decrease in white matter volume in the region of the parahippocampal gyrus that includes the perforant path. There was also significant atrophy in both the entorhinal cortex and the hippocampus. Regression models demonstrated that both hippocampal volume and parahippocampal white matter volume were significant predictors of declarative memory performance. These results suggest that, in addition to hippocampal atrophy, disruption of parahippocampal white matter fibers contributes to memory decline in elderly individuals with MCI by partially disconnecting the hippocampus from incoming sensory information.
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entorhinal cortex ͉ imaging ͉ parahippocampal gyrus ͉ perforant path ͉ voxel-based morphometry O ne of the first clinically recognized symptoms of Alzheimer's disease (AD) is diminished performance on tests assessing declarative memory function. The brain regions critically important for this type of memory are the hippocampus and related mesial temporal lobe structures (1) (2) (3) . Previous histopathological findings (4) (5) (6) (7) (8) (9) (10) indicate that the entorhinal cortex and hippocampus are pathologically involved very early in patients with AD and in individuals with mild cognitive impairment (MCI) who are at high risk for developing AD (11, 12) . Specifically, two of these studies (7, 9) found a loss of entorhinal cortex layer II neurons in patients with AD and in those with MCI, compared with controls. These neurons receive multimodal sensory input from primary sensory and association cortices and project this information to the hippocampus via the perforant path, a white matter tract located in the anterior medial portion of the parahippocampal gyrus (13) (14) (15) . Therefore, the loss of layer II neurons in the entorhinal cortex could essentially cause a disconnection of information flow to the hippocampus (10) . In addition, damage to the white matter of the parahippocampal gyrus could disrupt afferent connections to the entorhinal cortex and ultimately disconnect multimodal sensory input to the hippocampus, information vital to the formation of new memories. These changes in white matter may be detectable in vivo by using high-resolution MRI, but have not received much attention in investigations of the anatomy of memory dysfunction in MCI.
Quantitative high-resolution MRI is a valuable tool for evaluating structural brain changes in many neurodegenerative diseases and may provide a surrogate marker of the underlying pathology. By using MRI-based volumetric analyses, numerous studies, including those from our laboratory, have demonstrated both entorhinal and hippocampal atrophy not only in patients with very mild AD, but also in people with MCI whose cognitive deficit was limited to the memory domain (i.e., amnestic MCI) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) .
The aim of the present study was to investigate the anatomical substrate of memory dysfunction in elderly individuals presenting with MCI, with special focus on quantifying white matter changes that may contribute to the dysfunction. White matter changes throughout the brains of individuals with amnestic MCI, compared with age-matched healthy controls, were assessed with highresolution MRI and voxel-based morphometry (VBM) (28) . Automated techniques such as VBM that provide quick, unbiased means of comparing changes in whole-brain white matter at the voxel level are especially useful when there is no a priori knowledge of where white matter changes take place. In addition, differences between the two groups in the extent of atrophy of the entorhinal cortex and hippocampus were examined by using manual segmentation and volumetric measurement of regions of interest because, in our hands, these measures are better at detecting subtle changes in small gray matter structures such as the hippocampus and, especially, the entorhinal cortex. Although we have previously reported the presence of both entorhinal cortex and hippocampal volume loss in participants with amnestic MCI (27) , the present study specifically assesses the direct contribution of atrophy in these regions, and changes in white matter volume, to memory dysfunction in a large cohort of individuals with MCI. (Fig. 1) . Interestingly, no other white matter areas differed in volume between the two groups.
Results
Examination of Fig. 1 shows a blurring of significantly decreased volume across both white and gray matter in the parahippocampal region. The appearance of gray matter involvement is an artifact of the smoothing process used in VBM. During this process, the white matter signal intensities were smoothed to a weighted average with a recommended 12-mm kernel at full width at half maximum by using a Gaussian filter (see Methods). Gray matter intensities are not included in the analysis, but the 12-mm smoothing results in a ''bleeding'' of white matter intensity values to neighboring voxels outside the white matter. To assess the effect on our results of smoothing with a 12-mm kernel, compared with a smaller one, we also analyzed the images by using a 6-mm full width at half maximum kernel and obtained very similar findings at the P ϭ 0.001 level of significance.
Entorhinal Cortex and Hippocampal Volumes. The results reported here demonstrate that both the entorhinal cortex and hippocampus were smaller in participants with amnestic MCI compared with age-matched healthy controls.
Relationship Among MRI Measures. Total entorhinal cortex volume was correlated with hippocampal volume (r ϭ 0.60, P Ͻ 0.001) and accounted for 36% of the variance. This relationship probably reflects the fact that these two gray matter regions are pathologically involved very early in AD and in those at risk for developing AD. In contrast, VBM-derived total white matter volume in the region of the parahippocampal gyrus was weakly correlated with either entorhinal volume (r ϭ 0.19, P ϭ 0.07) or hippocampal volume (r ϭ 0.30, P Ͻ 0.01). Indeed, white matter volume accounted for Ͻ10% of the variance (R 2 ϭ 0.036 and R 2 ϭ 0.09 for the entorhinal cortex and hippocampal volume, respectively).
Predicting Memory Performance from MRI Measures. Each of the three MRI measures (i.e., total parahippocampal white matter volume, entorhinal cortex volume, and hippocampal volume) was entered singly into a regression analysis that used as the dependent variable individual memory Z scores based on combined performance on declarative memory tasks. Each of the three anatomical measures was found to be a significant predictor of memory function [F(1,88) ϭ 24.08, P Ͻ 0.001 for hippocampal volume; F(1,88) ϭ 10.35, P ϭ 0.002 for entorhinal cortex volume; and F(1,88) ϭ 11.11, P Ͻ 0.001 for parahippocampal white matter volume]. However, when all three MRI measures were entered simultaneously into a multiple regression model, only hippocampal and white matter volume measures were found to be significant predictors of memory function [t(86) ϭ 3.01, P ϭ 0.003 and t(86) ϭ 2.22, P ϭ 0.029, respectively].
Discussion
The aim of this study was to determine whether alterations in white matter, in addition to atrophic changes in mesial temporal lobe structures, contribute to memory dysfunction in participants with amnestic MCI. Such individuals are of particular interest because they are at a 3-fold higher risk for developing AD (31) than the general healthy older population. Therefore, it is important to understand the pathophysiology of their cognitive dysfunction, to develop in vivo anatomical markers of incipient AD.
The major contribution of the data presented above is the demonstration that, in addition to a reduction in the size of the hippocampus, a decrease in white matter volume in the anterior medial portion of the parahippocampal gyrus contributes significantly to memory dysfunction in people with MCI. This region of the parahippocampal gyrus includes the perforant path that supplies the hippocampus with multimodal sensory information and is pathologically involved very early in AD (10) . In addition, changes in the white matter of the parahippocampal gyrus may reflect disruption of afferent connections to the entorhinal cortex that could ultimately compromise multimodal sensory input to the hippocampus. Thus, the results presented here underscore the importance of intact white matter inputs to the hippocampus in the acquisition of new information.
The entorhinal cortex and hippocampal formation are two highly connected structures that are important for the acquisition of new information about events and things (i.e., declarative knowledge) (2, 32) . In this study, we found a significant decrease in the volume of the entorhinal cortex and hippocampus in participants with MCI compared with age-matched controls. These findings are in line with postmortem pathological studies (7, 10) that reported cell loss in the entorhinal cortex, as well as with in vivo investigations that showed entorhinal and hippocampal atrophy in individuals with MCI (21, 22, 25, 27) .
A previous report from our laboratory showed that the right entorhinal cortex was somewhat larger than the left in participants with subjective cognitive complaints and in elderly controls (20) . In the present study, although the same asymmetry was evident in controls, it was not significant in participants with frank MCI.
An investigation by Hyman et al. (10) , carried out on postmortem tissue, showed that in patients with very mild AD there is disconnection of the hippocampus from sensory cortical inputs as a result of loss of layer II cells in the entorhinal cortex. The authors hypothesized that such disconnection could contribute to memory dysfunction during the very early stages of AD; however, the report did not include cognitive data proximate to death. The present findings provide an in vivo demonstration of hippocampal disconnection resulting from white matter changes in the region of the parahippocampal gyrus that includes the perforant path. We further demonstrate that, in addition to atrophy of the hippocampus, a region critical for normal memory function, such changes in white matter volume contribute significantly to the memory dysfunction associated with amnestic MCI.
The exact underlying mechanism of the volume loss in parahippocampal white matter cannot be determined in vivo with the tools currently available to us. One may speculate that a decrease in white matter fibers in the region of the parahippocampal gyrus, reflected in the white matter volume change reported here, may cause a disruption of input to the hippocampus from the entorhinal cortex. Because these incoming white matter fibers arise from cells in the entorhinal cortex, entorhinal atrophy may, in part, be the origin of this decrease in white matter volume. In addition, white matter volume loss in the region of the parahippocampal gyrus may reflect changes in afferent connections to the entorhinal cortex that would result in the disruption of multimodal sensory input to the hippocampus. Furthermore, the white matter volume change may reflect not only loss of afferent and efferent fibers in the region of the parahippocampal gyrus, but also partial demyelination in remaining fibers. Recently developed diffusion tensor imaging that detects microstructural alterations in normal-appearing white matter could aid in determining the microstructural changes in remaining fibers that might further degrade impulse transmission. In conclusion, the results reported here demonstrate that the loss of parahippocampal white matter volume, along with hippocampal atrophy, contributes to the declarative memory decline seen in subjects with premorbid AD.
Methods
Subjects. Participants in the study consisted of 40 older individuals (mean age 77.9 Ϯ 7.5 years) who met criteria for amnestic MCI and 50 healthy controls (mean age 78.1 Ϯ 6.0 years) with no cognitive impairment. Clinical work-up. Subjects were recruited from the Rush Alzheimer's Disease Center (RADC) clinic, as well as from the Religious Order Study (8, 31) and the Rush Memory and Aging project (33) , both of which are longitudinal, clinicopathologic studies of aging and AD in older participants who have agreed to annual evaluations and brain autopsy at the time of death. All participants received the same standard clinical evaluation, which was carried out at the RADC as described in refs. 20 and 31. The evaluation incorporated procedures from the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) (34) and included a medical history, neurological examination, neuropsychological testing, informant interview, and blood tests.
Participants with amnestic MCI demonstrated impairment in the memory domain but did not meet criteria for dementia. The declarative memory tests administered to all participants and used to define a memory deficit consisted of immediate and delayed recall of the East Boston Story (35) and of Story A from the Logical Memory subtest of the Wechsler Memory Scale-Revised (36) . An additional test involved the learning and retention of a 10-word list from the CERAD battery (34) . The three scores for this test included Word List Memory (the total number of words immediately recalled after each of three consecutive presentations of the list), Word List Recall (the number of words recalled after a delay), and Word List Recognition (the number of words correctly recognized in a four-alternative, forced-choice format, administered after Word List Recall).
Selection as a control subject required a normal neurological examination, normal cognition, and a Mini-Mental State Examination (37) score of Ն27, with a score of 30 being the maximum. Exclusion criteria. Exclusion criteria for entry into the study consisted of evidence of other neurologic, psychiatric, or systemic conditions that could cause cognitive impairment (e.g., stroke, alcoholism, major depression, or a history of temporal lobe epilepsy), and age Յ65 years.
Informed consent was obtained from all participants, in accordance with the rules of the Institutional Review Board of Rush University Medical Center.
Magnetic Resonance Imaging. Acquisition parameters. All MRI images were acquired with a 1.5-T scanner (Signa; General Electric) using the supplier's 3D Fourier-transform spoiled gradientrecalled pulse sequence. The acquisition parameters were as follows: 124 contiguous images in the coronal plane, 1.6-mmthick sections, matrix ϭ 256 ϫ 192, field of view ϭ 22 cm, repetition time (TR)͞echo time (TE) ϭ 34͞7 ms, flip angle ϭ 35°, and signals averaged ϭ 1. White matter VBM. Optimized VBM methods (28) were used to assess differences between the two study groups in regard to white matter volume. Briefly, T1-weighted 3D spoiled gradientrecalled images were first stripped of noncerebral tissue (i.e., skin and skull) and segmented into gray matter, white matter, and cerebrospinal fluid compartments. Each individual brain gray matter segment was normalized to a standard gray matter template by using 12-parameter affine registration with nonlinear warping (7 ϫ 8 ϫ 7 basis functions) within the Statistical Parametric Mapping software (30) . The resultant parameters were applied to the nonsegmented, stripped, whole-brain volume. The normalization process resampled the data into 2 ϫ 2 ϫ 2-mm voxel size. This stripped, normalized brain volume then underwent a second segmentation into gray matter, white matter, and cerebrospinal fluid compartments. As a consequence of spatial normalization, the volumes of some regions may increase or decrease in size. To correct for these volume changes, the normalized white matter segments were modulated to preserve the amount of tissue from the nonnormalized white matter segments. In the modulation step, voxel values are multiplied by the Jacobian determinants (38) derived from the normalization of the T1-weighted images. This procedure ensures an accurate representation of volume within the normalized images (39) .
Finally, each normalized, segmented, modulated image was smoothed with a 12-mm full width at half maximum Gaussian kernel, as recommended in ref. 39 , to adjust for small variations in the normalization process between participant volumes and to meet basic distributional requirements of general linear analyses. Such smoothing takes the highest intensity values at the full width at half maximum of the distribution and imposes a Gaussian distribution over a 12-mm search volume. The image signal intensity is blurred by this process, but the initial source (white matter) is not altered. Although it may appear that the partially smoothed image includes gray matter adjacent to white matter, the original signal comes from white matter only. Thus, differences appearing outside of white matter are due to this smoothing effect, which may shift the apparent peak signal location to regions with low variability (i.e., non-white matter) (39) . VBM statistical procedures. Group differences in whole-brain white matter volumes were assessed with the two-sample t statistic within Statistical Parametric Mapping software (SPM99); the significance threshold was set at 0.001. Regions of statistically significant difference were identified according to the Montreal Neurological Institute template and then converted to Talairach coordinates (29) by using MNITOTAL software (www.mrc-cbu.cam.ac.uk͞Imaging͞ Common͞mnispace.shtml). The Talairach coordinates were transformed to actual brain areas by using the Talairach Daemon system (38) . These coordinates were used to construct regions of interest that were then applied to individual white matter density maps to extract individual volume values.
Volumetric Determination of the Entorhinal Cortex and Hippocampus.
Both entorhinal and hippocampal volumes were manually segmented separately for the right and left hemispheres from T1-weighted coronal images reformatted to be perpendicular to the long axis of the hippocampus. The ANALYZE software package (Mayo Clinic Foundation, Rochester, MN) was used to determine the volumes of regions of interest. To correct for individual differences in brain size, entorhinal and hippocampal volumes were divided by total intracranial volume derived from sagittally formatted 5-mm slices (i.e., normalized). To compute intracranial volume, the inner table of the cranium was traced in consecutive gapless 5-mm sagittal slices spanning the entire brain. At the level of the foramen magnum, a straight line was drawn from the inner surface of the clivus to the most anterior extension of the occipital bone. Normalized volume for brain regions of interest was determined by using the following formula: (absolute volume in mm 3 ͞intracranial volume in mm 3 ) ϫ 1,000. Entorhinal cortex. Entorhinal cortex volume was quantified by using a protocol developed and validated in our laboratory (40) . The advantage of this protocol is that entorhinal volume is measured from the same oblique coronal sections commonly used for hippocampal volumetry, so that one of these two adjacent structures is not overestimated at the expense of the other.
Tracings began with the first section in which the gyrus ambiens, amygdala, and white matter of the parahippocampal gyrus was first visible. The dorsomedial border in rostral sections was the sulcus semiannularis, and in caudal sections it was the subiculum. The shoulder of the collateral sulcus was used as the lateral border, a criterion that allowed consistency in tracings and avoided the use of different lateral borders depending on individual differences in the depth of the collateral sulcus (41) . The last slice traced comprised three 1.6-mm sections rostral to the slice in which the lateral geniculate nucleus was first visible. Hippocampus. The protocol and validation procedures used for quantifying hippocampal volume were published in refs. 18 and 42. Tracings started with the first section in which the hippocampus could be clearly differentiated from the amygdala by the alveus and included the fimbria, dentate gyrus, the hippocampus proper, and the subiculum. Tracings continued on all consecutive images until the slice before the full appearance of the fornix.
Tracings for both the entorhinal cortex and hippocampus were carried out by T.R.S. (who was trained to be within 95% of L.d.-M.) and were checked, slice by slice, by L.d.-M. Inter-and intrarater correlation coefficients (Pearson's) for T.R.S., based on a sample of 10, were 0.97 and 0.97, respectively, for the hippocampus and 0.99 and 0.99, respectively, for the entorhinal cortex. Investigators involved in the MRI analyses were blinded to clinical information until all VBM and volumetric determinations of regions of interest were completed.
Statistical Analyses. Differences in demographic variables between the two groups were assessed by using separate two-tailed t tests for independent samples. Differences in the volumes of the entorhinal cortex and hippocampus in the MCI group, compared with controls, were determined with separate two-way repeated-measures ANOVAs, with groups and hemispheres as the two factors. In addition, individual Z scores were calculated for combined performance on declarative memory tests by using the seven declarative memory scores. Multiple regression analyses with memory Z scores as the dependent variable were carried out to determine which anatomical measures best predicted memory performance. 
